Abstract We report that fluorescent carbon nanodots (Cdots) can act as an optical probe for quantifying Sn(II) ions in aqueous solution. C-dots are synthesized by carbonization and surface oxidation of preformed sago starch nanoparticles. Their fluorescence is significantly quenched by Sn(II) ions, and the effect can be used to determine Sn(II) ions. The highest fluorescence intensity is obtained at a concentration of 1.75 mM of C-dots in aqueous solution. The probe is highly selective and hardly interfered by other ions. The quenching mechanism appears to be predominantly of the static (rather than dynamic) type. Under optimum conditions, there is a linear relationship between fluorescence intensity and Sn(II) ions concentration up to 4 mM, and with a detection limit of 0.36 μM.
Introduction
Tin (Sn) ions is a type of heavy metal and it is naturally found in the environment at low level. Human are usually exposed to organic tin through packaged food, soft drinks, biocides, dentifrices, and little attention has been given to the toxicity of inorganic tin like Sn(II) ions as an environmental pollutant in natural waters. Although Sn is not a highly toxic element, high concentration of Sn(II) ions at about 0.1-1.0 gL −1 , may affect the flavor of the water and can also cause diarrhea [1] . It was reported that Sn(II) ions, such as stannous chloride (SnCl 2 ), could be readily taken up by human white blood cells and caused damage to DNA. The extent of damage observed was more extensive than that produced by exposure of cells to equimolar of chromium(VI), a known carcinogen and DNA damaging agent. In contrast, Sn(IV) ions was not taken up by cells, neither cause DNA damage nor inhibit the stimulation of DNA synthesis in cells [2] . Moreover, previous study on the effect of Sn(II) ions on mouse dams and fetus had reported that Sn (II) ions induced a significant decrease in the number of living fetuses, a significant increase in the number of postimplantation losses and also caused reduction in the ossification of the fetal skeleton [3] . Thus, it is desirable to have a reliable and sensitive analytical method to qualify and quantify the level of Sn(II) ions present in the environment and the ecosystem. The commonly used methods for Sn(II) ions determination include atomic absorption spectroscopy [4] , electrochemical analysis [5] , adsorptive stripping voltammetry [6] , liquid chromatography [7] , and spectrophotometry [8] . These methods have been shown to be high in accuracy and sensitivity, however they suffer from drawbacks of high operational cost, require complex sample handling, and usage of hazardous solvents. As such, it is necessary to develop analytical probes that are economical, user friendly, and of high analytical sensitivity and selectivity. Among commonly used analytical methods, the fluorescence quenching has been one of the most successful approaches employed to detect and quantify various metal ions [9, 10] . Semiconductor quantum dots (Q-dots) fabricated from lead, cadmium and silicon as fluorescent probes are being extensively studied for optical sensing applications [11] . Such Q-dots exhibited several amazing physico-chemical properties such as broad excitation spectrum, a narrow and tunable emission spectrum, good photochemical stability, and high brightness [12, 13] . Unfortunately, the safety of Q-dots is of great concern due to their toxicity effect cause by potential leaching of precursors such as cadmium and/or other heavy metals from the Q-dots. This concern has significantly limited their practical applications significantly [14, 15] . As such, alternative fluorescent nanomaterials which exhibit comparable fluorescent properties as Q-dots but of low toxicity and low cost should be developed as fluorescent sensing probes for metal ions detection.
Fluorescent carbon nanoparticles or more well-known as carbon nanodots (C-dots) with interesting fluorescent properties have been synthesized by several researchers [16] [17] [18] . C-dots are promising alternatives to Q-dots since they have similar physico-chemical properties of Q-dots but relatively low in toxicity and cost of synthesis. Recently, our research group has successfully synthesized fluorescent carbon nanodots from preformed sago starch nanoparticles via a simple aqueous-based synthesis method [19] . Herein, the potential application of these C-dots as fluorescence probes for the detection of metal ions in aqueous solution was investigated. To the best of our knowledge, this is the first report of using C-dots to selectively detect Sn(II) ions in aqueous solution. 2 and Zn(NO 3 ) 2 were purchased from R&M Marketing (Essex, United Kingdom), HNO 3 was purchased from Hamburg Chemicals, native sago starch powder was purchased from a local grocery store (Kuching, Malaysia), all other chemicals were of reagent grade and were used without further purification. Ultrapure water (~18.2 MΩ, 25°C) was obtained from a Milipore Mili Q-system and used throughout the experiments.
Experimental

Instrumentation
All fluorescence measurements were carried out with a fluorescence spectrophotometer (Varian Australia Pty Ltd, Victoria, Australia, http://www.varianinc.com). Diluted aqueous solutions of C-dots were placed in a quartz cuvette with four polished windows and a path length of 1 cm. The emission wavelength was recorded within the range of 350-600 nm with a fixed excitation wavelength of 327 nm. The excitation and emission slits were both set at 10.0 nm. The size and morphology of C-dots were observed using a Transmission Electron Microscope (TEM) operated at 80 kV (JEOL Ltd, Tokyo, Japan, http://www.jeol.com). A pH meter was used for measuring pH (Thermo Orion, MA, USA, www.thermoorion.com). The fluorescent images of C-dots were obtained by an Inverted Research Microscope (Olympus America Inc, PA, USA, www.olympusamerica .com). Fourier transformed infrared (FTIR) spectra were obtained using a FTIR spectrophotometer (PerkinElmer Inc, Massachusetts, USA, www.perkinelmer.com).
Synthesis of carbon nanodots (C-dots)
Fluorescent C-dots were prepared based on a previously reported method with slight modifications [19, 20] . Briefly, sago starch nanoparticles were prepared via the nanoprecipitation process from native sago starch solution using ethanol as the precipitating medium. These starch nanoparticles were then converted to carbon nanoparticles by the dehydration process using concentrated sulphuric acid. In a typical carbonization synthesis, 2.0 g of starch nanoparticles were dispersed in 5 mL of ultrapure water and 8.0 mL of concentrated sulphuric acid was added to the starch dispersion. The reaction was allowed to proceed for 40 min, followed by the addition Fig. 1 a TEM image of C-dots (The inset shows a particle size distribution of the C-dots); b Fluorescence spectrum of C-dots prepared from starch nanoparticles. The inset shows an excitation spectrum of C-dots (excitation wavelengths are 277 and 327 nm) of 40 mL of ultrapure water. The black carbon nanoparticles produced was collected by centrifugation, and washed three times with ultrapure water. The resulting carbon nanoparticles were dispersed in 20 mL of nitric acid (2.0 M) and the mixture was then refluxed for 30 min. After cooling to room temperature, the solution was neutralized by adding sodium hydroxide and then dialyzed against ultrapure water until the pH was neutral. According to the mass of carbon nanoparticles, the concentration of the prepared C-dots dispersion was about 1 mg.mL 
Procedures for spectrofluorometric of Sn(II) ions
A fixed amount of C-dots from the stock dispersion was transferred to a standard 10 mL volumetric flask, followed by addition of the predetermined volume of Sn(II) ions stock solution. The flask was then filled with a water or buffer solution to the mark. The solution was then transferred to a fluorescent cuvette and the fluorescent intensity of the solution was recorded from 350 to 600 nm with the excitation wavelength fixed at 327 nm. Similar procedure was performed for various predetermined concentrations of Sn(II) ions by varying the volume of the Sn(II) ions stock solution.
Results and discussion
Characterization of carbon nanodots (C-dots)
The C-dots obtained in this study were of spherical shape with particle size distribution in a range of 20-100 nm (Fig. 1a) and their fluorescence was further confirmed using the spectrofluorometer which recorded a maximum emission peak at around 428 nm upon being excited at 327 nm (Fig. 1b) . This is in consonance with our previous results [19] . All observations matched with the general physico-chemical properties of Q-dots, suggesting that C-dots could be a good alternative of Q-dots for optical sensing applications. Figure 2 shows the FTIR spectra of sago starch nanoparticles, carbon nanoparticles, and C-dots. The characteristic adsorption peaks of carboxylic acid (COOH) group at 1,789 and 1,763 cm −1 [21, 22] were observed in the spectrum of C-dots. The presence of -COOH group could be due to surface oxidation of carbon nanoparticles during the refluxing step with HNO 3 [23, 24] and has been suggested to be an important factor which induced the fluorescent properties of C-dots [25] . Besides, -COOH groups are rich in electrons which could promote effective interactions with electron deficient species at C-dots surfaces, such interactions could greatly widen their potential application as an 
Effect of C-dots concentration
The fluorescence intensity of C-dots dispersion was observed to increase with increasing concentration of C-dots with a maximum emission intensity observed at concentration of 1.75 mM (Fig. 3) . However, further increase of C-dots concentration beyond 1.75 mM would lead to decrease in the fluorescence intensity. This could be attributed to selfquenching of C-dots, and/or the occurrence of particles aggregation at high concentration of C-dots [28, 29] . Aggregation of particles would lead to the formation of clusters with poor dispersion of C-dots and hence resulted in reduction of fluorescence intensity. In order to achieve the highest fluorescent intensity and to avoid particles aggregation, the concentration of C-dots was being fixed at 1.75 mM for all subsequent studies.
Effect of pH
The effect of pH on the fluorescence intensity of the C-dots sensor system was investigated to obtain the optimum pH value necessary for sensitive fluorescence sensing of Sn(II) ions. As shown in Fig. 4 , the fluorescence intensity of the asprepared C-dots was sensitive to pH due to the presence of -COOH groups on the surfaces of C-dots. It could be seen that the optimum pH was achieved for buffer at pH 5. A significance decrease in the fluorescence intensity of C-dots was observed at lower pH (pH<5) or higher pH (pH>5). The lower fluorescence intensity in highly acidic medium could be due to particle aggregation as a result of hydrogen bonding formation between carboxylic acid moieties on the surface of C-dots [30] . Besides, various ligands on the surface of C-dots could undergo exchanges with the highly concentrated protons, leading to similar particles aggregation and decreased the fluorescence intensity. At higher pH, decreased fluorescence intensities could be due to the formation of hydrated products and lower solubility of C-dots [31] . At even higher pH (more basic solution), deprotonation of carboxylic groups would occur which led to buildup of negative charges on the surface of C-dots [32] . The presence of large bundles of COO -group at the surface of C-dots would result in the formation of negatively charged double layers. Such double layers would interfere with the fluorescence origin especially in the promotion of photo-induced electron transfer (PET) mechanism during which electrons from the double layers could relax back to the ground state of C-dots by replacing the initial relaxation process that gave rise to fluorescence. Figure 5 shows the difference of fluorescence intensity between the control and solutions containing various metal ions (1.67 and 3.33 μM).As indicated in Fig. 6 , a significant quenching effect was observed for Sn (II) ions, which indicated that C-dots could potentially be used for the detection of Sn(II) ions with high sensitivity. We speculated that the observed much higher sensitivity of C-dots towards Sn(II) ions could be due to their high number of valence electrons, which could, in turn, generate stronger interaction with the C-dots and induced effective quenching. The sensing mechanism proposed is based on the complex formation of metal ions on the C-dots surface that disturbs the initial energy transition that emit fluorescence. In this case, Sn(II) ions are considerably good reducing agents with their oxidation number can be converted to +4. Thus, it is speculated that the complex formation of Sn (II) ions on the C-dots surfaces can promote electron transfer quenching during the reduction process of tin ions from +2 to +4 states. Thus the quenching effect will be comparatively more pronounced than other cations studied. Other potential interfering ions such as Ag(I), Co(II), Cu(II), Hg (II), Ni(II), Mg(II), and Zn(II) were found to be moderate quenchers, whereas ions such as Pb(II) and Al(III) were very poor quenchers for C-dots in water. Similar trend was observed for study that was performed in buffer solution of pH 5. The interference effect of Ca(II) ions on the fluorescence of C-dots was found to be insignificant for the concentration up to 3.33 μM. The low interference of Ca(II) ions would enhance the potential of the C-dots probe for Sn(II) ions detection since Ca(II) ions were present abundantly in natural hard water system and often co-exist with Sn(II) ions in the environment [33] .
Analytical performance of C-dots in Sn(II) ions respectively. Besides the original fluorescence peaks for C-dots, more peaks appeared at higher concentration of Sn(II) ions under buffered condition. However, this phenomenon was not found under non-buffered condition. The formation of more peaks is believed to be caused by the presence of buffer, which contains highly ionic species that form counter ion layer on the C-dots system upon interaction with the Sn(II) ions. This surface layer will give a shielding effect by promoting emission that is initially quenched by the surrounding solvent and foreign species. This also explains the higher background signal obtained at high concentration of Sn(II) ions. Under both buffered and non-buffered conditions, Sn(II) ions showed a concentration-dependent quenching of C-dots fluorescence. Experimental data were fitted to the Stern-Volmer relationship as shown in Eq. (1).
Where Under optimum conditions, the C-dots probe had achieved a detection limit (LOD) of 0.21 and 0.36 μM in buffered and non-buffered conditions, respectively. Calculation was made Fig. 7 UV absorbance spectra of a C-dots control solution and b Cdots and Sn(II) ion in water based on 3σ/s (where σ is the standard deviation of the corrected blank signals of the CDs (n06) and s is the slope of the calibration curve). These values evaluated were sensitive enough for many applications especially for environmental monitoring purposes. In this study, the buffered system was observed to show lower sensitivity as indicated by the flatter slope as compared to that of the non-buffered system. This was expected since ionic species could weaken the sensing interactions between C-dots and Sn(II) ions. However, the use of the buffer system was necessary to ensure consistency and to avoid fluctuations in the pH which could cause serious error in the probe output. In the case of neutral sample, the buffer was not needed and higher sensitivity could be achieved by using water only as the sensing media. The comparison of the analytical performances of Sn(II) ions detection used in this study to that of other reported methods is listed in Table 1 . Quenching of the fluorescence may occur by energy transfer [36] , charge diverting [37] and surface absorption [38] , and the quenching mechanisms can be classified as dynamic quenching and static quenching [39] .In order to further investigate the fluorescence quenching mechanism of the C-dots by Sn(II) ions, the interaction between C-dots and Sn(II) ions was studied by the UV/ Vis spectrophotometer. It was found that the absorbance of the C-dots decreased upon addition of Sn(II) ions (Fig. 7) . This could be attributed to the formation of non-fluorescent ground-state complexes between the Cdots and Sn(II) ions during the reduction of tin ion from +2 to +4 states. When this complex absorbs UV light, it immediately returns to the ground state without emission of photon, and thus the observed reduction in the absorbance of the C-dots upon addition of Sn(II) ions. Therefore, the process of quenching was suggested to be static quenching, in consonance with results reported in the literature [40] .
Conclusion
We have demonstrated that fluorescent C-dots prepared from starch nanoparticles can be used as a fluorescent probe for selective detection of Sn(II) ions in aqueous solution. The response of C-dots due to quenching by Sn(II) ions was concentration-dependent and showed the standard SternVolmer relationship. The C-dots probe has achieved a LOD of sub-micro molar level, and can potentially be used for environmental monitoring. In addition, the probe developed in this study shows very high selectivity towards Sn(II) ions, and no interference by common metal ions that are abundant in the environment including Ca(II) ions was observed. The potential application of C-dots as a sensing probe for the fabrication of Sn(II) ions chemical sensors is envisaged due to the ease of preparation, low toxicity, economical, simple to handle, sensitive and selective of the C-dots.
